Purpose-Efforts to define the neurovascular bundle (NVB) for prostate radiation have varied. In this series, we sought to determine the reproducibility and reliability of contouring the classical posterolateral NVB on dedicated pelvic magnetic resonance imaging (MRI) scans.
Introduction
Long-term erectile dysfunction (ED) is an important quality of life factor in men receiving treatment for prostate cancer. The cause of ED is related not only to the type of therapy a patient receives but also his medical comorbidities, smoking status, age, weight, and pretreatment erectile function. [1] [2] [3] [4] [5] [6] [7] Meta-analyses, as well as recently published data comparing active surveillance, surgery, and radiation as therapeutic options for prostate cancer, indicate improved ED with external beam radiation therapy compared with surgery. [6] [7] [8] [9] [10] Radical prostatectomy causes ED via alteration of the nerves that innervate the corpora cavernosa, which includes the neurovascular bundle (NVB). 4, 11 External beam radiation therapy induced ED has an unclear cause, with the literature linking radiation dose to the bulb of the penis, the crura, and the NVB to ED, 3, [12] [13] [14] [15] [16] with other series showing no dose effect to these structures causing ED. [17] [18] [19] The majority of these studies were done in an era before intensity modulated radiation therapy and, in series examining dose to the NVB, were limited to anatomical definitions based on a single cadaver 20 or examined dose to the NVB with brachytherapy alone. 17, 21 As technology evolves and more conformal radiation techniques, including volumetric modulated arc therapy and dose-painting to single lobes of the prostate, are implemented, 22 the ability to limit dose to the NVB may be feasible for classically defined NVB in the posterolateral position relative to the prostate.
Given the ability to spare dose to the NVB, correctly identifying and contouring the NVB is important. Previous literature described computed tomography (CT) scan delineation using reference magnetic resonance imaging (MRI) scans. 23 Our institution recently reported the dosimetric feasibility of sparing the NVB when in its classical anatomical position using individual CT-MRI registration to define the NVB, 24 but no information is currently available on the accuracy and reproducibility of contouring the NVB using this technique. The purpose of this study was to determine the reproducibility and reliability of contouring classically positioned NVB on MRI.
Methods and materials

Selection of patients and MRI scans
Under an institutional review board-approved protocol, the records and images of 16 consecutive patients with prostate cancer undergoing a dedicated pelvic MRI scan with 32channel surface phased array endorectal coil on a 3-Tesla (T) MRI device (Siemens Medical Solutions, Germany) were reviewed. Patients were excluded if their official pelvic MRI report noted any extraprostatic extension or if extraprostatic extension was noted on rereview of their MRI scan by an expert pelvic radiologist with 15 years' experience. Periprostatic infiltration, obliterated rectoprostatic angle, irregular contour bulging, and asymmetric NVB were part of the criteria used to determine extraprostatic extension. In total, 10 of these MRI scans met the inclusion criteria; 3 MRI were excluded for gross extraprostatic extension into the NVB, 2 were excluded for obliteration of the rectoprostatic angle/blurring of the NVB and prostate interface, and 1 was excluded because the NVB was not in the classic posterolateral position and instead was found to transverse across the entire posterior lobe of the prostate.
Contouring of the NVB
First, an expert pelvic radiologist reviewed each of the 10 3-T prostate pelvic MRI scans and contoured the NVB for each case. Contouring of the NVB was done in 3 dimensions on the T2 turbo spin echo 320 sequences of the 3-T pelvic MRI. This sequence is part of a standard prostate MRI protocol. 25, 26 On our machine, this sequence specifically had a repetition time of 3000 ms; an echo time of 101 ms; 4 signal averages performed for the sequence; and a flip angle of 150°. This sequence was chosen because the NVBs appear as dark structures against a lighter background of the periprostatic fascia. Our expert radiologist determined that this sequence most reliably allowed for visualization of the NVB, which is consistent with the radiology literature. 25, 26 This sequence provides high signal-to-noise ratio, high spatial resolution, and significant T2 contrast that allows detailed visualization of the NVB. 25 The right and left NVBs were defined separately, giving a total of 20 expert-defined structures across the 10 cases. All contouring was done in Velocity Software (Varian Medical Systems, CA).
Next, 5 radiation oncologists (raters 1-5) with experience ranging from 2 to 20 years were asked to delineate the same right and left NVB structures on the 3-T pelvic MRI scans on the same sequences after being given a brief presentation of a pelvic MRI highlighting what to look for (this MRI was not 1 of the 10 cases). The raters were blinded to the expert contours as well as other rater contours. No feedback was given to each rater after completion of a case. This yielded 100 additional structures from the raters. Figure 1 demonstrates a typical case with left and right NVB contours overlaid.
Statistical analysis
Volumes of all left and right NVBs were determined. Overlapping volumes of each NVB from each rater compared with the expert contour were calculated in Velocity Software. Three separate measures of agreement were then implemented. Intraclass correlation coefficient (ICC) and standard deviation (SD) were determined across the 5 raters and 1 expert over the 120 data points. ICC values >0.75 were considered excellent agreement. 27 Next, the pairwise Pearson correlation coefficient (PCC) was estimated for each rater compared with the expert. PCC values range from -1 to 1, with a value of 1 implying a perfectly linear relationship between variables. The Dice similarity coefficient (DSC) was the estimated for each rater volume compared with the expert using the formula
where A is the volume of the expert, B is the volume of the given rater, and A∩B is the intersecting overlap of the 2 volumes. A DSC >0.7 is considered good overlap, with 1 being perfect overlap. 28, 29 Mean DSCs and SDs were calculated across each sample and each rater. Data were analyzed using R version 3.2.3; ICC was computed using the R package psych. 30 
Results
Ten 3-T pelvic MRI scans met inclusion criteria. A total of 120 data points were generated: 20 NVBs from the expert and 100 from the raters. The overall ICC for the entire group was 0.89 (95% confidence interval [CI], 0.81-0.95). Table 1 summarizes the individual PCC and CI for each rater. Table 2 summarizes the DSC for each individual contour of each rater across all the cases as well as the mean DSC for each left and right NVB. The mean DSC was 0.72 (SD, 0.07) for rater 1, 0.72 (SD, 0.06) for rater 2, 0.73 (SD, 0.09) for rater 3, 0.74 (SD, 0.09) for rater 4, and 0.68 (SD, 0.13) for rater 5. Overall, across all raters, the average DSC was 0.72 (SD, 0.09). Figure 1 depicts a sample axial slice showing a blank figure (without contours), the same slice with the expert NVB contours, and the same slice with all the contours overlaid. Figure 2 depicts a representative axial slice, sagittal slice, and coronal slice from a patient's 3-T pelvic MRI scan with the left and right NVB contours from each rater and the expert overlaid. Figure 3 summarizes the patterns of measured volumes for each rater across each sample.
Discussion
To our knowledge, this series represents the first attempt to quantify and characterize the accuracy and reproducibility of contouring the NVB when it is in its classical posterolateral position relative to the prostate on dedicated pelvic MRI scans. We demonstrated that there was excellent agreement among the raters and the expert as evidenced by an overall ICC of 0.89 (95% CI, 0.81-0.95). In addition to agreement among the volume of the NVB for each case, we also observed reasonable overlap of each rater's NVB to the expert contoured NVB as observed that most DSC scores were >0.7. Evaluation of individual volumes for each case showed good overall consistency (Fig 3) .
Previous efforts to define the NVB for radiation planning purposes have varied. Historically, a single cadaver study yielded detailed anatomical localization of the nerves that innervate the corpora cavernosa. 20 In a series that used this historical definition to define the NVB, patients that received iodine 125 or palladium 103 prostate brachytherapy were found to have radiation doses to the NVB ranging from 150 to 325 Gy. 21 The authors found that 3 patients who had early ED had higher than average radiation doses to the NVB. In a similar study that evaluated patients receiving brachytherapy, there was no dose relationship to the NVB that correlated with ED outcomes. 31 Previous consensus reporting defined the NVB using CT-based anatomical regions and not MRI. 33 Moreover, a series of 147 patients undergoing prostate brachytherapy who had good potency before therapy found 3-year follow up rates of 23% of ED with 43% of patients using a potency aid. 19 The authors did not find any relationship between penile bulb dose or NVB dose and ED outcomes. The delineation of the NVB in this study was an area bounded by the posterolateral prostate, levator ani muscle, and the rectal wall. 19 Overall, in a review of the literature at the time, some studies reported NVB dose correlated with ED, whereas others did not. 33 It is difficult, however, to draw any clinical conclusions regarding the role of dose to the NVB and ED endpoints given that the NVB was not defined using MRI and instead the anatomical location was based on a single cadaver report or general pelvic muscle relationships. This generality likely does not accurately capture the NVB in all cases because the postprostatectomy surgical literature suggests that only 50% to 60% of patients have classically positioned NVB. 34 As the availability and use of pelvic MRI scans become more common, defining the NVB can become more accurate. A previously published report tried to use MRI controls to generate a contouring guide for defining the NVB on pelvic CT. 23 In this series, 9 patients, treated with permanent implant brachytherapy with pelvic MRI scans, had the NVB area measured. Their study mandated an endorectal coil MRI but did not specify magnet strength or specific series obtained. They used the NVB measured on MRI and referenced these contours to structures that could plainly be seen on CT (ie, prostate, musculature, bones) to generate volumes that encompassed the NVB. 23 No efforts were made to spare the NVB of radiation in this series. In a previous report from our institution, use of individual MRI-CTbased registration was implemented to define the NVB for each patient. 24 This series did not report on clinical outcomes but instead found that external beam radiation plans using volumetric modulated arc therapy technology that delivered adequate curative dose to the prostate while limiting the dose to the NVB could be generated. This is the first series to actively try to limit dose to the NVB; previously detailed literature describes dose to the NVB during standard therapy. Despite the dosimetric ability to limit radiation dose to the NVB when it is in its classic posterolateral position, the delineation of the NVB can vary, even with modern MRI techniques. An abstract by Liss et al reported 40 patients with T2-weighted pelvic MRI scans undergoing definitive therapy for prostate cancer. 35 They determined extensive variability of the NVB, ranging from an average of 2.03 cm anteroposteriorly and 1.48 cm laterally. They determined that a 5 mm or 1 cm expansion of the prostate would encompass the NVB in 28% of patients and 55% of patients, respectively. 35 As imaging techniques evolve and radiation planning becomes more targeted, including techniques that treat only portions of the prostate, 22 accurate delineation and reproducibility of contouring the NVB will be paramount if attempts to limit dose to these structures are explored. Our series partially fills this gap in the current literature because we demonstrate that the NVB, when in its classic posterolateral position in relation to the prostate, can be reliably visualized and accurately contoured by radiation oncologists compared with an expert radiologist on dedicated prostate 3-T MRI sequences.
This study has several limitations. First, we used a single expert to delineate the "ideal" NVB contour for each case. It is possible that several pelvic radiologists may disagree about the exact extent of the NVB, especially superiorly and inferiorly. Our series only examined pelvic MRI scans in which the NVB was in its classic posterolateral position relative to the prostate. As discussed, there is anatomical variability of the NVB between individuals, with surgical literature suggesting that up to 50% of men have anatomical variation, including some men not forming an identifiable bundle. 34, 36 Our series cannot comment on the ability to reliably contour these anatomical variations, and, as such, these patients should not be considered for NVB-sparing radiation therapy. 24 Additionally, our series only examined the NVB for each case. Although we found excellent agreement among the raters to the expert as well as good overlap of NVB volumes, if we had expanded the series to involve delineation of the prostate, bladder, and rectum for example, more variability could be introduced. Our series also used endorectal coil technique on 3-T MRI, the current gold standard. It is possible that using lower magnetic machines or lack of an endorectal coil could introduce a lower signal-to-noise ratio, leading to less structural detail, 25 and thereby making delineation of the NVB more difficult. In this context, our results may not be applicable to earlier MRI technology.
In conclusion, our series demonstrates that the NVB, when in its classic posterolateral position to the prostate, can reliably be delineated on 3-T pelvic MRI scans by radiation oncologists. Using an expert pelvic radiologist to initially define the NVB, we found that, among 5 radiation oncologists, the NVB could be contoured accurately, with excellent agreement and acceptable overlap with the expert-defined volumes. Given these results and our previously published series demonstrating the dosimetric feasibility of sparing the NVB during external beam radiation therapy, our institution has begun investigating NVB-sparing radiation therapy in a prospective setting. Representative axial slice for a 3-Tesla pelvic magnetic resonance imaging scan without any contours (A), with the expert pelvic radiologist's neurovascular bundle contours (B), and with all neurovascular bundle contours from each rater and the expert overlaid (C). On these images, the red contours on each side are the expert. Dark blue represents rater 1, yellow represents rater 2, light blue represents rater 3, pink represents rater 4, and lime green represents rater 5. Plotted distribution of the left and right neurovascular bundle volumes (in cubic centimeters) for each rater and the expert across all cases. The volume (in cubic centimeters) for the left (L) and right (R) neurovascular bundle for each case for each rater, 1-5, and the expert was determined. These values were plotted for each case to further detail the spread of the contoured volumes as well as the variation in volume of the neurovascular bundle volume for each case. Table 1 The PCC for each rater compared with the expert pelvic radiologist Table 2 Dice similarity coefficient of each rater and case compared with the expert pelvic radiologist and the mean values for each left and right neurovascular bundle of all cases 
